Abstract
Isotopic tracer studies, combined with direct interpretation of the labelling patterns emerging in intracellular metabolites, are a powerful means to derive information on nutrient contributions to the production of different metabolites (Buescher et al., 2015) . We previously used 13 C isotopomer analysis, and developed 13 C-FSA to identify the intracellular carbon sources . However this approach was unsuitable for the current study because of the lack of backbone rearrangements in the metabolic network as compared to carbon, and limited mass isotopomer information from single nitrogen atoms. To overcome these limitations, here we developed 15 N-FSRA, a safeguarding method to counteract "overambitious" reasoning, that accounts for all possibilities that are in-line with the labelling data and biochemistry including reaction reversibilities in an otherwise unbiased manner. This computational platform allowed for an unbiased analysis of all potential amino acid uptake systems. Specifically, to counteract the limited measurement information, an array of 15 N labelling experiments was conducted under equal conditions which was simultaneously evaluated in an integrative system-based approach. We demonstrate that intracellular Mtb utilises multiple nitrogen sources and that nitrogen assimilation is compartmentalized and distinct from in vitro growth. These results improves our understanding about the nitrogen assimilation of this important pathogen whilst also providing tools which can be applied to other intracellular pathogens.
glutamate (Glu), glutamine (Gln), leucine (Leu), alanine (Ala) or glycine (Gly) for 48 h.
Asparagine was not tested as it had previously been shown to be a nitrogen source for intracellular Mtb (Gouzy et al., 2014a). Using an identical method to that developed by Beste et al., 2013, macrophage and Mtb fractions were separated, and 15 N incorporation into proteinderived amino acids from infected macrophages and intracellular Mtb was measured using GC-MS. Amino acid pairs-glutamate, glutamine and aspartate, asparagine cannot be distinguished using GC-MS, so, the 15 N enrichments for these amino acid pairs are combined together as glutamate/glutamine (Glu/n) and aspartate/asparagine (Asp/n) respectively. In accordance with expectations, most of the amino acids derived from macrophages remained unlabelled reflecting their direct uptake from unlabelled nitrogen sources in the tissue culture media rather than from any transamination from the tracer ( Figure 1A ). This is not the case for intracellular Mtb. For example labelled nitrogen from either N2-Gln was incorporated predominantly into Asp/n, Glu/n and isoleucine in the macrophage but labelling was measured in nearly all amino acids derived from intracellular Mtb ( Figures 1A and 1C ). This data also reveals potential directions of transamination in Mtb.
For example, nitrogen from 15 N2-Gln was assimilated into six amino acids, Asp/n, Glu/n, isoleucine (Ile), Leu, valine (Val) or Ala in infected macrophages ( Figure 1A) ; whereas in Mtb, transaminated into several amino acids in the macrophage, any of those amino acids could be the ultimate source of the Mtb's labelled nitrogen.
Nitrogen metabolism is compartmentalised in Mtb
Our results also demonstrate that nitrogen was assimilated differently depending on the original amino acid source in intracellular Mtb. We use the term compartmentalisation to refer to the selective transfer of nitrogen from the tracers to other amino acids ( Figure 1C) 
Uptake vs de novo synthesis in intracellular Mtb
To further evaluate the role of each macrophage amino acid pool in the provision of nitrogen to intracellular Mtb and to normalize for different levels of label in each of the macrophage pools, we calculated the Nitrogen Incorporation Ratio (NIR) between 15 N-Asp was used as label for the Asp/n pool, the NIR was less than 1 ( Figure 3A) indicating that any Mtb Asp/n imported from the macrophage was being diluted with nitrogen from a source that was less labelled than macrophage Asp/n pool. However, when was used as the source of label. The ratios were not determined for Gly and Ser when heterologous tracers were used, because there was no enrichment for these amino acids in macrophage. But the labels for these amino acids in Mtb were highest, when 15 N2-Gln was used (see Figure 1C ), thus confirming Gln to be the predominant nitrogen donor for intracellular Mtb for the tested amino acids.
Comparison of Figure 1 and Figure Our previous work showed that the carbon backbone of Ala was acquired from the host and directly incorporated into Mtb's biomass ). Here we confirm this result and also show that Ala was not a nitrogen donor for intracellular Mtb ( Figure 1C , Table 1 ). Gly was also acquired from host macrophages but its nitrogen was similarly not widely assimilated.
This data suggest that these amino acids could be scarce in phagosome and were used for Further investigations are required to define these amino transporters of Mtb.
This study is the first description of nitrogen metabolic phenotype of intracellular Mtb, and the development and application of a novel computational systems-based tool, 15 N-FSRA as a safeguard that can be used to investigate nitrogen uptake and assimilation not only of Mtb but any intracellular pathogen, in complement with direct isotopic labelling interpretation. In conclusion, we have identified that multiple nitrogen sources are acquired and assimilated by Mtb inside the host macrophages, and glutamine is the principle intracellular nitrogen donor.
Further investigation of transport and assimilatory pathways associated with these nitrogen sources will provide productive avenues for identification of targets for innovative anti-TB therapies. 
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Materials and Methods

Bacterial strains, media and growth conditions
Cultivation of human THP-1 macrophages
The human monocytic cell line was obtained from ATCC TIB-202 and grown in RPMI 1640 medium supplemented with 10% heat inactivated fetal calf serum (sigma) at 37°C, 5% CO2
and 95% humidity. 
Infection of macrophages with Mtb
For infection, THP-1 cells and Mtb cultures were prepared as described in Beste et al., 2013. 
In vitro 15 N labelling experiments
Mtb was grown in Roisins minimal with media spiked with 15 N isotope tracers and left for 48 h at 37°C and cultures were agitated at 150 rpm. After 48 hours, Mtb cultures were harvested and amino acid hydrolysate was prepared by boiling Mtb in 6M hydrochloric acid for 24 hours.
Gas-chromatography mass spectrometry (GC-MS) and 15 N mass isotopomer analysis
Amino acid hydrolysates were dried and derivatized using pyridine and tert-butyldimethyl silyl chloride (TBDMSCl) (sigma) (Rossi et al., 2017; Masakapalli et al., 2013) . Amino acids were analysed using a VF-5ms inert 5% phenyl-methyl column (Agilent Technologies) on a GC-MS system. MS data was extracted using chemstation GC-MS software and were baseline corrected using Metalign (Lommen, 2009) . Mass data were corrected for natural isotope effects using Isotopomer network compartmental analysis (INCA) platform (Young, 2014 
Nitrogen network model (of Mtb)
A nitrogen transition model was set up for Mtb using information available in databases Heat maps were produced using enrichment (%) of amino acids recorded for each of the individual tracer experiments in data file S1. The maximum and minimum enrichments for each heat map are described using colour keys. Abbreviations for amino acids alanine (Ala), glycine (Gly), valine (Val), leucine (Leu), isoleucine (Ile), methionine (Met), serine (Ser), threonine (Thr), proline (Pro), Phenylalanine (Phe), aspartate/asparagine (Asp/n), glutamate/glutamine (Glu/n), lysine (Lys), arginine (Arg) and tyrosine (Tyr). Macrophages acquires nitrogen sources-ASP (aspartate), GLU (glutamate), GLN (glutamine), LEU (leucine), ALA (alanine) and GLY (glycine) directly from the growth media. GLU/GLN is taken from the host via yet unidentified transporter. ASP is accessible to intraphagosomal Mtb, which it uptakes from the host macrophages via AnsP1 (Gouzy et al., 2014a). LEU, ILE (isoleucine) and VAL (valine) are acquired from the host macrophages via yet unindentified branched chain amino acid probably ABC-type transporter. ALA and GLY are possibly acquired via CycA transport system. GLN, VAL and ASP were potential nitrogen donors for cellular protein synthesis with GLN as the principle nitrogen donor in intracellular Mtb and is indicated by *. Nitrogen from GLN was transaminated primarily to GLU and ASP for the synthesis of other amino acids-ALA, GLY, SER (serine), HIS (histidine), TYR (tyrosine), proline (PRO), phenylalalnine (PHE), THR (threonine), MET (methionine), ASN (asparagine), LYS (lysine) and ARG (Arginine). ALA and GLY are assimilated mainly into ALA, GLY and SER pools respectively. Limited transamination of nitrogen from ALA and GLY to other amino acids, suggests direct assimilation of these two amino acids for cell wall synthesis. (Supplementary data file S3 ). Amino acids are grouped into five categories: "↓" -spectral ranges in the interval [0,1) indicate that the biomass nitrogen need has to be fulfilled by de novo synthesis of the amino acid; "→" -spectral range is essentially 1, nitrogen biomass requirement is balanced with uptake, no nitrogen is shared; "0" -the amino acid is not be taken up; "○" -spectral range is inconclusive, the amino acid might be synthesized de novo, but may also be a nitrogen donor; "↑" -spectral ranges are larger then 1, indicating that this amino acid is available as a nitrogen donor. 
